The textural evolution in the serpentnite of the Mineoka ophiolite complex has been 17 investigated to constrain the natural environment for hydrogen production in the 
Introduction 37
Microbial communities are known to exist in the vicinity of the seafloor where they 38 take part in various chemical reactions (e.g., Corliss et al., 1979; Spiess et al., 1980; 39 Baross and Hoffman, 1985; Takai, 2004) . Remarkable submarine ecosystems have been 40
reported in the serpentinite-hosted hydrothermal fields where hydrogen is a key product 41 for the microbial activity (e.g., Kelley et al., 2001 Kelley et al., , 2005 Holm and Charlou, 2001; 42 Nakamura et al., 2009) . Serpentinites are formed by reaction between hydrothermal 43 fluids and mantle rocks, and hydrogen and methane are released in the extremely 44 reducing conditions. It is now generally thought that hydrothermal vents associated with 45 serpentinized rocks played a key role in the genesis of life in the early oceans (e.g., 46
interactions in the vicinity of the seafloor. It is important, therefore, to study the process 48 of serpentinization, which is currently not well constrained in natural rock samples. 49
Under strongly reducing conditions, the formation of magnetite always generates 50 hydrogen during serpentinization, following reactions such as: 51 52 3Fe 2 SiO 4 + 2H 2 O = 2Fe 3 O 4 + 3SiO 2 + 2H 2 (1) 53 olivine + water = magnetite + silica + hydrogen. 54
55
Based on mineralogical and textural observations, a two stage model for 56 serpentinization has been proposed, involving the early formation of brucite and 57 serpentine followed by magnetite formation (e.g., Toft et al., 1990; Oufi et al., 2002 ; 58 of relatively Si-rich bands with high abundance of serpentine (domain 2), and 125 magnetite-bearing Si-poor domains in center portion (domain 3). Based on simple two 126 end-member calculations, serpentine abundance is 97-99% in the Si-rich domains and 127 84-90% in the Si-poor domains, respectively. 128
Laser Raman analysis reveals that serpentines in domain 1 and 3 are lizardite 129 characterized by double bands at 3685 and 3705 cm -1 , whereas those in domain 2 are 130 mainly composed of chrysotile at 3701 cm -1 with additional bands of brucite (Fig. 4) . 131
Chrysotile is known to appear at isotropic stress environments of fluid-filled voids and 132 pores, although it is highly unstable under stress associated with expansion, flattening 133 and shear (Evans, 2004) . Fe-Ni alloys, including awaruite (FeNi 3 ), are also identified in 134 association with magnetite in the central domains (domain 3). 135
Serpentine-filled veins cutting orthopyroxene have a distinctive chemical 136 composition, and in contrast to those cutting olivine, they do not contain different 137 chemical domains. They have a substantially higher Al 2 O 3 content (up to 2.9 wt%) than 138 those cutting olivine, and the sum of tetrahedral cations, silicon and aluminum, is 139 significantly higher than in the serpentine end-member, indicating the presence of talc 140 (Fig. 3B) . 141
The Fe contents of these serpentine-filled veins are little scattered; X Fe is ranging 142 0.04-0.12 after olivine, and X Fe is 0.06-0.15 after orthopyroxene (Fig. 5) . In the veins of 143 olivine pseudomorph, the magnetite-free domain (domain 2) tends to show lower Fe 144 contents compared to the other domains. Such variation may reflect the dominant 145 serpentine phase, since the domain 2 is mainly composed of chrysotile whereas lizarditeis a stable serpentine form in the domain 1 and 3 as identified by the Raman spectra. 147 Similar trend of lower X Fe in chrysotile has been also reported in the serpentinized 148 olivine websterite from the Canyon Mountain complex (Evans et al., 2009) . 149 150
Magnetite-forming reactions 151
Textural relationships clearly indicate at least two stages in the process of 152 serpentinization in the Mineoka ophiolite complex, involving first the formation of a 153 serpentine mesh texture after olivine, then magnetite-bearing serpentine-filled veins. 154
The absence of magnetite in the mesh texture suggests reaction (2) as the first-stage 155 process in the process of serpentinization of the Mineoka peridotites. The mesh texture 156 is crosscut by magnetite-bearing veins, which are composed of two chemically distinct 157 layers (Fig. 3A) . Although two principle reactions of (3) and (4) are possible, it is likely 158 that reaction (4) was responsible for the formation of the magnetite, with magnetite in 159 the Si-poor domains, representing the serpentine-out reaction. This reaction is also 160 consistent with the low silica activity imposed by the brucite-serpentine assemblage 161 (Fig. 6 ). Although the Fe-Mg exchange potential has been recently suggested to control 162 the formation of magnetite during serpentinization (Evans, 2008) , this mechanism is 163 unlikely in our natural systems. Because the chemical potential of iron is similar 164 between the magnetite-bearing and -free serpentine-filled veins, and the variations of Fe 165 value are probably results of the stable serpentine phase in the Mineoka serpentinites. 166
These lines of evidences suggest that low silica activity is likely to facilitate the reaction 167 of ferroan serpentine to form magnetite. One consequence of magnetite formation is theimposition of extremely reducing conditions on the system, and in turn, this resulted in 169 the formation of iron alloys in the magnetite-bearing domains. Assemblages of sulfide 170 and native-metal minerals in the Mineoka serpentinites also indicate low f O2 and f S2 171 during serpentinization (Sato and Ogawa, 2000) . 172
The other key point is the absence of magnetite in the bastites (orthopyroxene 173 pseudomorphs). The serpentine veins cutting the orthopyroxene have higher tetrahedral 174 cations than those cutting serpentinized olivine, and they contain a mixture of serpentine 175 and talc ( The production of serpentine and talc is a result of an approximately two orders of 187 magnitude higher silica activity than that needed for the production of the assemblages 188 serpentine and brucite after olivine (Fig. 6) . Magnetite is absent from the serpentine and 189 talc assemblages replacing orthopyroxene, whereas the Fe values are similar for 190 pseudomorphs after both olivine and orthopyroxene ( generally less than 20 µm in size, and mostly contain two-phase inclusions (Fig. 7) . We 205 prepared doubly polished sections for laser Raman analysis to avoid contamination 206 from adhesive agents. Raman spectra of the inclusions were obtained using the 514.5 207 nm line of an Ar laser (RENISHAW inVia Reflex). The laser beam was focused to a 208 spot size of approximately 1 µm, and the spectra were scanned from 200 to 4400 cm -1 . 209
The micro-inclusions were characterized by a strong band at 3698 cm -1 , in addition to 210 the host olivine bands at 822 and 854 cm -1 (Fig. 8A) . The 3698 cm -1 band is typical of 211 chrysotile (Rinaudo et al., 2003) , which indicates the inclusions are composed mainly of 212 serpentine precipitated at low temperatures. These inclusions contain weak butdetectable bands of CH 4 at 2916 cm -1 and H 2 at 4156 cm -1 (Fig. 8B, D) . Although these 214 vapor phases have been mostly removed from the matrix assemblages, the inclusions 215 provide direct evidence of methane and hydrogen in the fluids during serpentinization. 216
Phase equilibria indicates that the CH 4 -H 2 bearing fluids were trapped under equilibrium 217 conditions at temperatures below 300 o C, where lizardite and chrysotile are stable (Evans, 218 2004) , and under markedly reducing conditions. The absence of CO 2 as a fluid 219 component suggests an extensive reduction of CO 2 to CH 4 in the H 2 -rich hydrothermal 220 vent systems. This is consistent with typical serpentine-hosted hydrothermal systems 221 that exhibit high CH 4 concentrations along with an enrichment in H 2 (Donval et al., 222 1997; Charlou et al., 2002) . 223 224
Implications and conclusions 225
The textural evolution of the Mineoka serpentinites shows that magnetite does not 226 form directly from olivine. The magnetite-forming reaction involves a silica-out 227 reaction, as witnessed by the lower abundance of serpentine in the magnetite-bearing 228 veins, and the absence of magnetite in pseudomorphs after orthopyroxene. This 229 suggests that the occurrence of magnetite is possible when there is a significant low 230 silica activity in the fluids, implying that the system had locally evolved to lower silica 231 activity during serpentinization. The magnetite formation results in the production of 232 hydrogen and strongly reducing conditions, which may potentially support microbial 233 activity in the vicinity of the seafloor (e.g., Kelley et al., 2001; Takai et al., 2004; evidence for the presence of CH 4 and H 2 -rich hydrothermal vents during 236 serpentinization, although those vapor phases have been almost entirely obliterated from 237 the matrix assemblages. Our results indicate that, in addition to low oxygen fugacity, 238 low silica activity is a key to generate hydrogen during serpentinization, and this is 239 
